BACKGROUND-Steatosis decreases survival of liver grafts after transplantation due to poorly understood mechanisms. We examined the effect of steatosis on the survival of liver grafts in a rat liver transplantation model and the viability of cultured rat hepatocytes after hypoxia and reoxygenation.
INTRODUCTION
Hepatic steatosis is usually an asymptomatic condition but is a significant risk factor in liver transplantation; in fact, greater than 30% steatosis constitutes one of the single greatest risk factors, similar to the risk associated with donors after cardiac death for liver transplantation (1) . Transplanted steatotic livers exhibit increased rates of primary nonfunction and initial poor graft function (2) (3) (4) . The current consensus is that donors with greater than 60% fat content should not be used, while mild to moderately steatotic grafts can perform as well as nonsteatotic grafts as long as there are no other risk factors with the donor or recipient. In living donors with steatotic livers, combination therapies of diet, exercise and drugs for 2 to 8 weeks have been successfully used to reduce macrovesicular steatosis prior to transplantation, indicating that measures to reduce steatosis in steatotic donors can be used to reduce the risk of transplantation (5) .
Based on steatotic animal models, fatty livers tend to have enlarged hepatocytes due to cytoplasmic lipid droplets with a concomitant reduction in sinusoidal space, as well as reduced total hepatic blood flow and microvascular perfusion (6, 7) . Furthermore, experimental animal data suggest that steatotic livers are much more sensitive to ischemia-reperfusion than normal "lean" livers. For example, hepatic warm ischemia in obese Zucker rats had a much more pronounced effect on animal survival and led to more hepatocyte necrosis, microvascular disruption, and oxidative damage than in lean animals (8) . Rats fed a choline-and methioninedeficient diet (CMDD) exhibited more functional impairment after ischemia-reperfusion in situ, and increased oxidative stress compared to animals fed a normal diet (8, 9) . Studies using the same animal model on the effect of cold storage of liver followed by rewarming and perfusion also show more extensive damage in fatty livers than in lean livers, and a reduced "safe" preservation time before transplantation with steatotic livers (9, 10) .
The mechanism whereby steatosis increases the sensitivity of the liver to ischemia-reperfusion injury is poorly understood. More specifically, the primary event responsible for the exacerbated response has not been identified, and it is unclear whether the enhanced inflammatory response is the result of or a causative factor in this response. In this study, we describe a cell culture model to investigate the effect of hypoxia-reoxygenation on hepatocyte viability. We show that steatotic hepatocytes are more sensitive to warm hypoxiareoxygenation than normal "lean" hepatocytes. Furthermore, we show that steatotic hepatocytes generate more mitochondrial superoxide and exhibit a lowered mitochondrial membrane potential. Thus, it is plausible that steatotic hepatocytes are primary responders to warm ischemia-reperfusion injury in vivo.
EXPERIMENTAL PROCEDURES Materials
Dulbecco's modified Eagle medium (DMEM) with 4.5 g/L glucose, penicillin-streptomycin stock solution, epidermal growth factor, and fetal bovine serum, were purchased from Invitrogen Life Technologies (Carlsbad, CA); glucagon from Lilly (Indianapolis, IN); hydrocortisone from Upjohn (Kalamazoo, MI); insulin from Squibb (Princeton, NJ). JC-1 (full name 5, 5′, 6, 6′-tetrachloro-1, 1′, 3, 3′-tetraethylbenzimidazolyl-carbocyanine iodide, cat. #T3168), MitoSOX Red dye (cat. #M36008), menadione (cat. #M5625), and all other chemicals, unless otherwise noted, were purchased from Sigma-Aldrich Chemicals (St. Louis, MO).
Standard hepatocyte culture medium consisted of DMEM supplemented with 7 ng/mL glucagon, 7.5 μg/mL hydrocortisone, 0.5 U/mL insulin, 20 ng/mL epidermal growth factor, 200 U/mL penicillin, 200 μg/mL streptomycin, and 10% v/v fetal bovine serum. Type I collagen (1.11 mg/mL in 1 mM HCl) was prepared by extracting acid-soluble collagen from rat tail tendons as described elsewhere (11) .
Induction of Hepatic Steatosis in Donor Rats
All procedures with animals were approved by the Subcommittee on Research Animal Care, Massachusetts General Hospital and in accordance with National Research Council guidelines. Male Lewis rats (Charles River, Wilmington, Massachusetts) weighing 280 to 320 g were housed in a 12 h day -light cycle and allowed free access to food and water. To induce fatty liver, the rats were fed a choline and methionine-deficient diet (Test Diet, Richmond, Indiana) for 40 to 44 days (12, 13) .
Liver Transplantation
Isogenic orthotopic liver transplantation was performed as described by Kamada and Calne, and later by Mokuno et al. (14, 15) . Briefly, the bile duct was cannulated with a short intraluminal polyethylene stent. Veins emptying into the portal vein and the hepatic artery were ligated and divided, and the portal vein divided at the level of the inferior mesenteric vein. The infrahepatic and suprahepatic vena cava, including part of the diaphragm, were transected. The liver was flushed with 10 mL cold saline containing 50 U heparin and then 5 ml hetastarchfree University of Wisconsin solution (Viaspan ™ , Barr Laboratories, Pomona, NY) and stored for 6 h at 0°C. After cold storage, orthotopic liver transplantation was performed without hepatic artery reconstruction. The donor liver was flushed with 6 ml cold Ringer's solution, the suprahepatic vena cava anastomosed with a 7-0 nylon running suture, and the portal vein anastomosed using the cuff technique. Blood was allowed to flow into the donor liver, and the infrahepatic vena cava anastomosed using the cuff technique. After revascularization of the graft, the rat was given 8 ml/kg Ringer's solution and 2 mL/kg 7% w/v NaHCO 3 intravenously, and intramuscular injections of 80 mg/kg penicillin and 100 mg/kg streptomycin. The bile duct was connected and wrapped around the omentum. Anhepatic time ranged from 14 to 16 min. The animals were returned to standard housing facilities and monitored for up to one week.
Hepatocyte Isolation, Seeding and Culture
Female Lewis rats (Charles River Laboratories, Wilmington, MA) weighing 180 to 200 g (2 to 3 months old), were used as a hepatocyte source. Hepatocytes were isolated by the two-step collagenase perfusion technique originally described by Seglen (16) and slightly modified by Dunn (11) . Typically, 200 to 300 million hepatocytes were isolated from a single isolation with viabilities ranging between 85% and 95%, as determined by trypan blue exclusion. Nonparenchymal cells, as judged by their size (less than 10 μm in diameter) and morphology (nonpolygonal or stellate), were <1%.
Twelve-well tissue culture plates were coated with a thin layer of type I collagen gel. Briefly, 200 μl of an ice-cold mixture of 1 part of 10X concentrated DMEM and 9 parts of acid solution of type I collagen was evenly distributed over the bottom of each well. The collagen solution was allowed to gel at 37°C for 60 min before cell seeding.
One-half million of primary hepatocytes in suspension in 0.5 ml of hepatocyte culture medium was added into each well of the plate. Cultures were incubated in 90% air/10% CO 2 at 37°C. Twenty-four hours later, the medium was aspirated along with unattached cells, and a second layer of collagen was put on top of the culture. After allowing to gel for 60 min, 0.5 ml fresh culture medium was added to the cultures, and changed daily thereafter.
Induction of Steatosis and Defatting of Hepatocytes
Seven days after seeding of hepatocytes, the medium was switched to fatty acid-supplemented medium. This "fatty medium" consisted of standard hepatocyte culture medium supplemented with 20 mg/ml albumin, 2 mM linoleic acid, and 4 mM sodium oleate. Hepatocytes were cultured for 2 days in this medium, with daily medium changes. Subsequent defatting was induced by switching the cultures back to standard hepatocyte culture medium for 3 days, with daily medium changes.
Exposure of Hepatocytes to Hypoxia-Reoxygenation
A hypoxic chamber consisting of a hermetically closed plexiglass box (12 x 12 x 10 in) with drilled ports for gassing and an oxygen probe was used. The tissue culture plates were placed in the chamber, the chamber closed tightly, and purged continuously with humidified 90% N 2 / 10% CO 2 for up to 4 hours. After the prescribed hypoxia time, the plates were retrieved from the chamber, the culture medium collected for further analysis, and the cells fed with fresh culture medium pre-equilibrated at normoxic conditions. The plates were then placed back in a regular incubator, and the medium sampled 3 and 6 hours later.
In some cultures, Kupffer cells were isolated with a modified double step Percoll protocol (17, 18) . The day before the ischemia-reperfusion experiment, 5x10 5 Kupffer cells were seeded on top of the double-gel hepatocyte cultures. Less than 24 h after seeding, Kupffer cells were found to migrate through the collagen matrix and settle down close to the hepatocytes.
Triglyceride Content and Lactate Dehydrogenase Release Assays
Triglyceride content in liver was determined by sonicating liver tissue in 20 volumes of 0.25 M sucrose, 50 mM Tris-HCl, 1 mM EDTA for 1 min at 4°C. Triglyceride concentration in the homogenate was measured using a commercial kit (Sigma). Similarly lipid content of hepatocyte cultures was determined in the homogenate obtained by sonication of hepatocytes that were recovered from the collagen gel sandwich using collagenase digestion.
Cell injury was assessed by measuring lactate dehydrogenase (LDH) released by hepatocytes in the culture medium using a commercial kit (Promega, Madison, WI). Results were normalized to the maximal LDH release measured in similar cultures after induction of complete cell lysis.
Measurement of Mitochondrial Membrane Potential and Superoxide Generation
Hepatocytes were seeded in 6-well plates pre-coated with 500 μl collagen gel per well at a density of 10 6 cells per well and 1 ml medium per well. One day after seeding, the cultures were overlaid with a 500 μl collagen gel per well, and fed 1 ml standard hepatocyte culture medium. The plates were maintained in 90% air/10% CO 2 at 37°C, which daily medium changes. After one week of culture, the cells were switched to the fatty acid-supplemented medium for 3 days.
Mitochondrial membrane potential was measured using JC-1, a cationic dye which accumulates to form aggregates in negatively charged mitochondria, causing its fluorescence emission maximum to shift from 527 nm to 590 nm (19) . A stock solution of JC-1 containing 5 mg JC-1 in 12 mL dimethylsulfoxide was prepared and stored at room temperature shielded from ambient light. To stain the cells, the medium was replaced with 1 ml fresh standard hepatocyte culture medium containing 52 μL JC-1 stock solution per mL of medium, and the plates were incubated at 37°C for 2 hours. To wash off excess JC-1, the JC-1-containing medium was aspirated and replaced with fresh medium containing no JC-1. Cells were incubated for another 30 min at 37°C/10% CO 2 . Fluorescence readings were taken every halfhour thereafter until stable (usually within 2-3 h after wash) in an Fmax fluorescence plate reader (Molecular Devices) using an excitation of 485 nm and an emission of 510 nm for the monomeric form of JC-1 and an excitation of 485 nm and an emission of 590 nm for the aggregate form.
For mitochondrial superoxide generation measurement, hepatocytes were cultured and made steatotic as described above. A stock solution of MitoSOX Red dye containing 200 μg MitoSOX Red dye/80 μl dimethylsulfoxide was prepared immediately before use. The culture medium was replaced with 1 ml fresh standard hepatocyte culture medium supplemented with 8 μl/mL of MitoSOX Red solution and incubated for 30 min. Positive controls consisted of lean hepatocytes incubated with the MitoSOX Red dye-supplemented medium as well as 1 μl/mL of a solution of 50 μM menadione in dimethylsulfoxide. Fluorescence intensity was measured in the plate reader using excitation and emission wavelengths of 510 and 580 nm, respectively.
RESULTS
First, we investigated the effect of steatosis on liver and recipient survival in fatty liver rat transplantation model. Fatty liver was induced by CMDD feeding for about 6 wk, during which time the liver triglyceride content increased 20 fold. Macrovesicular steatosis was observed in more than 60% of the hepatocytes from these rats, a histological feature that is very similar to severe-grade human steatohepatitis (data not shown). To establish a correlation between extent of steatosis and survival, CMDD fed rats were returned to a regular diet up to 7 d before harvesting donor livers. Triglyceride content decreased in all livers ( Figure 1A ). The livers were stored in a hetastarch-free University of Wisconsin (UW) preservation solution for 6 h at 4°C, and then transplanted into recipient rats. This protocol mimics a typical clinical situation where the liver is cold stored in UW solution for several hours while it is being transported to the recipient site. Fatty livers from CMDD-fed rats showed no survival after 4 days ( Figure  1B) . In contrast, recipients of defatted livers showed survival rates that were comparable to normal livers, i.e. greater than 75%.
To elucidate the underlying mechanism of increased sensitivity of fatty liver to ischemiareperfusion injury, we used a stable rat hepatocyte culture system fed fatty acid-supplemented culture medium. After 2 days of fatty acid exposure, hepatocytes exhibited an accumulation of cytoplasmic lipid droplets (Figure 2A, B) . These droplets stained positively with oil red-O, a liposoluble dye (data not shown). Hepatocytes harvested after 2 days of fatty acid exposure accumulated amounts of triglycerides in proportion to the levels of fatty acids used during induction of steatosis ( Figure 2C ). Furthermore, steatosis was largely reversed by switching the steatotic hepatocytes back to normal culture medium for 3 days.
Cultured hepatocytes made fatty to varying degrees by exposure to various levels of fatty acids for 2 days were placed in a hypoxic chamber for 1 or 4 h, and then returned to normoxic conditions. Figure 3A shows that while 1 h of hypoxia did not cause much release of cytoplasmic lactate dehydrogenase (LDH) in any of the cultures tested, the 4 h hypoxic protocol led to >4 fold higher release of LDH compared to lean hepatocytes. Furthermore, the extent of LDH release was proportional to the levels of fatty acids used during induction of steatosis. These results suggest that fatty hepatocytes are intrinsically more sensitive to hypoxiareoxygenation than lean hepatocytes.
The data shown in Figure 1 suggested that the sensitivity to ischemia-reperfusion in vivo can be reversed by defatting. We observed a similar trend when fatty hepatocytes were returned to regular hepatocyte culture medium. As the fat content of hepatocytes decreased, the response to hypoxia-reoxygenation tended towards the lean controls ( Figure 3B ).
Prior studies have suggested that Kupffer cells can release factors that affect hepatocyte function upon exposure to inflammatory signals, such as endotoxin (20) . We therefore investigated the response of hepatocytes co-cultured with Kupffer cells to hypoxiareoxygenation. Using the 4 h hypoxia and 6 h reoxygenation protocol, no difference in LDH release was observed in the presence of Kupffer cells (Figure 4) . Furthermore, we attempted to measure tumor necrosis factor-α (TNF-α) released in the medium, but levels were undetectable by ELISA (data not shown), suggesting no activation of Kupffer cells following hypoxia-reoxygenation in this cell culture model.
Since excessive lipid storage has been associated with increased free radical production, we hypothesized that fatty hepatocytes may produce more free radicals than lean hepatocytes. Figure 5A shows that mitochondrial generation of superoxide, as detected by the redoxsensitive dye MitoSox Red, was 20% greater than in lean hepatocytes, although 60% less than the positive control treated with menadione. We also found that mitochondrial membrane potential (MMP) of fatty hepatocytes was significantly reduced based on lower accumulation of the MMP-sensitive dye JC-1 ( Figure 5B ). Taken together, these data suggest that mitochondrial function is perturbed in fatty hepatocytes.
DISCUSSION
The results shown herein indicate that cultured primary rat hepatocytes made steatotic by preincubation with high levels of fatty acids are more sensitive to hypoxia-reoxygenation injury compared to similar control "lean" cultures. Furthermore, the sensitizing effect of steatosis was proportional to fat content and reversible both in vitro and in vivo, suggesting that the intracellular lipid content is a key parameter that determines hepatocyte sensitivity to hypoxiareoxygenation.
The mechanism whereby steatosis increases the sensitivity of the liver to ischemia-reperfusion injury in vivo is poorly understood. Prior studies have shown that fatty livers exhibit serious microcirculatory disturbances after ischemia-reperfusion (21) (22) (23) . Furthermore, there is evidence of a greater inflammatory response in fatty livers after transplantation (15) , and treatments that reduce the inflammatory response, such as heat shock (24) and endotoxin antibodies (25) , improve survival of fatty livers. None of these studies can identify the primary or triggering event leading to hepatic failure, as the inflammatory and circulatory changes may or may not be secondary to other earlier damage mechanisms. Our findings with cultured fatty hepatocytes in the absence of the various confounding factors found at the tissue and systemic levels suggest that steatotic hepatocytes are intrinsically more sensitive to hypoxiareoxygenation. Therefore, it is plausible that a primary mechanism of fatty liver damage during ischemia-reperfusion involves direct injury to the hepatocytes.
Liver nonparenchymal cells, and in particular Kupffer cells, have been implicated in ischemiareperfusion injury of the liver (26) . Interestingly, coculturing Kupffer cells with the hepatocytes had no effect on the response of the hepatocytes to hypoxia-reoxygenation (Figure 4 ). This result with steatotic hepatocytes is consistent with prior published data with cultured lean hepatocytes (27) . It is also noteworthy that Kupffer cells did not get activated (based on the lack of TNF-α secretion) in spite of the hepatocellular damage. It is therefore likely that Kupffer cell activation in vivo depends on the presence of exogenous factors, such as gut-derived endotoxin (25) , which were not present in our culture system. Literature data also show that complement activation plays a key role in the postischemic activation of Kupffer cells in vivo (28) . It is plausible that the absence of an effect of Kupffer cells is due to the lack of activatable complement in our culture conditions, since the culture medium is expected to contain low or negligible levels of complement (the medium contains 10% v/v heat-inactived serum). Such exogenous factors could be added to the co-culture system to investigate whether or not they can mediate an interaction between the steatotic hepatocytes and Kupffer cells during hypoxiareoxygenation.
It is noteworthy that survival after transplantation increased from 0 to 75% after 3 days of refeeding, at which point fat content of the liver had been reduced by only ~30% (Figure 1 ). This suggests that there may be a threshold of fat content above which failure occurs. A similar observation can be made when analyzing the cell culture data. Plotting a correlation between intracellular triglyceride content (from Figure 2C) and LDH release upon hypoxiareoxygenation (from Figure 3B) suggests a similar threshold phenomenon (Figure 6 ), where a sudden increase in LDH release occurs when triglyceride content reaches about 8 μmol/10 6 cells.
We found a lowered mitochondrial membrane potential along with increased mitochondrial superoxide production in cultured steatotic hepatocytes, which is consistent with a prior study reporting that mitochondria isolated from steatotic rat livers exhibit altered functions and increased superoxide generation (29) . A recent report indicated that a large load of exogenous free fatty acids can induce mitochondrial membrane depolarization and "lipoapoptosis" in cultured hepatocytes (30) . Although we did not observe significant cell death prior to hypoxiareoxygenation, it is possible that the decreased basal mitochondrial membrane potential increases the probability of depolarization when the cells are subjected to an additional stress. Excess storage of intracellular lipids in hepatocytes has been reported to increase sensitivity to select apoptosis-causing signals (31) . The mechanism whereby steatosis reduced the mitochondrial membrane potential was not investigated in this study; however, in vivo studies of steatotic livers have reported increased expression of mitochondrial uncoupling protein-2 (UCP-2), which decouples the respiratory chain from the ATP synthase (32) . Furthermore, treatments that decrease lipid content, such as epigallocatechin gallate administration, also decrease UCP-2 levels and ischemia-reperfusion-induced hepatic damage (33) .
In summary, we have described a cell culture model to investigate the effect of hypoxiareoxygenation on hepatocyte viability. We show that steatotic hepatocytes are more sensitive to warm hypoxia-reoxygenation than normal "lean" hepatocytes. Furthermore, we show that steatotic hepatocytes generate more mitochondrial superoxide and exhibit a lowered mitochondrial membrane potential. Thus, it is plausible that steatotic hepatocytes are primary responders to warm ischemia-reperfusion injury in vivo. Consequently, interventions that reduce intracellular lipid content in hepatocytes may be a potential avenue to precondition steatotic livers before surgical interventions that involve stopping blood flow for significant periods of time, such as in transplantation procedures. Such interventions could be implemented in the donor prior to liver explantation (34) , or in a normothermic perfusion system (35) . The cell culture system described herein may be useful to screen various metabolic treatments or preconditioning strategies to increase the resistance of steatotic hepatocytes to hypoxia-reoxygenation injury prior to testing in more complex animal models. Correlation between liver triglyceride content and survival rate after transplantation in a fatty liver rat model. Fatty liver was induced by feeding a choline and methionine-deficient diet for 6 weeks, after which the rats were returned to a normal diet. Effect of fatty medium on lipid content in cultured hepatocytes. (A, B) Bright-field microscopy of primary rat hepatocytes cultured in standard hepatocyte culture medium, and after 2 days of culture in "fatty medium," respectively. Arrows point to lipid droplets. (C) Hepatocytes were cultured for two days in media containing different proportions of fatty medium and subsequently defatted in regular medium for 3 days. Data shown are triglyceride content of hepatocytes as a function of proportion of fatty medium and defatting, expressed as averages ± SD of triplicate samples. *: significantly different (p<0.05) compared to lean control; #: significantly different compared to initial triglyceride content in same group by Student's t-test. Each experiment was repeated at least twice with a different cell batch with similar findings. Effect of steatosis on LDH released in the culture medium by hepatocytes after hypoxia and reoxygenation. Prior to the experiment, hepatocytes were made steatotic by culture for 2 days in fatty medium (severely steatotic), a 1:1 mixture of fatty and regular medium (moderately steatotic), a 1:7 mixture of fatty and regular medium (mildly steatotic). Lean controls were placed in fresh regular medium. Hypoxia was induced by incubation in a 90% N 2 /10% CO 2 atmosphere. For reoxygenation, the medium was replaced with fresh medium and the cultures incubated in a standard 90% air/10% CO 2 atmosphere. Effect of hepatocyte co-culture with Kupffer cells on LDH release after 4 h hypoxia followed by 6 h reoxygenation. Data shown are averages ± SD of triplicate samples from one experiment. Each experiment was repeated at least twice with a different cell batch with similar findings. Correlation between triglyceride content and LDH release after 4 h hypoxia followed by 6 h reoxygenation. Data from Figures 2C and 3B were combined.
